We have detected specific endonucleolytic cleavages of mouse albumin mRNA by S1 nuclease protection analysis of total RNA from fetal mouse liver using a cDNA probe spanning the middle, coding region of albumin mRNA. With the use of probe labeled at Its 5' end, three prominent cleavages were detected which were confirmed and their endonucleolytic nature was established by further analysis using 3' end-labeled probe. The latter probe also revealed one more cleavage which was not detected with the 5' end-labeled probe. These cleavages mapped to positions on the mRNA which included a unique sequence motif CCAN^CUGNo-iUGAU. Degradation intermediates corresponding to these cleavages were consistently observed, specifically in fetal liver but not in normal or regenerating adult liver and appeared to have originated in vivo. Their levels decreased progressively from 18th day of gestation and became undetectable by 20 days after birth. No detectable changes in the levels of any of the prominent degradation products of a-fetoprotein (a homologue of albumin) mRNA could be observed during this period of development. Since accumulation of degradation intermediates is known to correlate with higher rate of mRNA turnover, our observations raise the possibility that the stability of albumin mRNA may be lower in fetal than in adult mouse liver.
INTRODUCTION
mRNA turnover has been shown to be important in the regulation of expression of several genes with wide ranging functions (1, 2) . However, the mechanism of mRNA degradation and its regulation are poorly understood. Physiological conditions like cell division, stress, hormonal stimulation, development and differentiation have been reported to influence mRNA turnover (3) (4) (5) (6) (7) (8) (9) (10) . Different mRNAs in the cell have different turnover rates and the influence of the various physiological conditions on these turnover rates is also very selective. Both cis-and trans-acimg factors including specific RNases have been shown to be important in specific degradation of mRNAs (11) (12) (13) (14) (15) . When an mRNA is degraded, the initial cleavage(s) may be adequate to cause functional inactivation of the mRNA and these cleavage(s) may be highly specific and regulated. Study of mRNA degradation intermediates would, therefore, be useful to understand nature of such cleavage(s), the cleavage signals and the nuclease(s) involved. Such studies have been reported for some mRNAs like apolipoprotein (apo) II, histone, Xenopus homeobox, insulin-like growth factor (IGF) II and the inflammatory cytokine gene groa mRNA (16) (17) (18) (19) (20) (21) (22) Albumin mRNA is an abundant message expressed specifically in liver Though it is known to be a very stable message, it was found to be specifically destabilized under some conditions e.g., in Xenopus liver after estrogen treatment (23) (24) (25) . Pastori et al. (26) have reported a specific fragment generated from albumin mRNA in vitro by an estrogen-induced endonuclease activity. However, studies on the in vivo generated degradation intermediates of albumin mRNA have not been reported. Some of our earlier experiments performed to study the expression of albumin mRNA in fetal hepatic and nonhepatic tissues in mouse had revealed fragmentation of albumin mRNA in fetal mouse liver. In anticipation that abundance of an mRNA in a tissue may enable easier detection and characterization of its degradation intermediates, if any, and permit study of mRNA degradation process, we studied specific in vivo generated degradation intermediates of albumin mRNA in mouse liver using SI nuclease protection analysis and discuss here their significance.
MATERIALS AND METHODS

Liver samples
Balb-c mice were used for all experiments. Liver (adult, fetal or regenerating) was quickly dissected out and frozen in liquid nitrogen.
Preparation of RNA samples
Total RNA was isolated by the procedure of Chomczynski et al. (27) . Tissue samples were homogenized in 10 vol of 'solution D' [4 M guanidinium thiocyanate, 0.025 M sodium citrate buffer (pH 7.0), 0.5% sodium lauryl sarcosinate and 0.1 M 2-mercaptoethanol], and then mixed sequentially with 0.1, 1 and 0.2 vol respectively of 2 M sodium acetate buffer (pH 4.0), water saturated phenol and 49:1 mixture of chloroformrisoamylalcohol. After vortexing and keeping on ice for 15 min, samples were centrifuged and RNA from aqueous layer was twice precipitated * To whom correspondence should be addressed with isopropanol. The final pellet was dissolved in water after 70% ethanol wash and vacuum drying Poly (A) + and poly (A)" RNA fractions were prepared from fetal liver total RNA, using oligo dT-cellulose column chromatography following the procedure of Sambrook et al (28) . Aqueous solution of RNA was heat denatured, brought rapidly to 1 x column-loading buffer [0.02 M Tns-HCl (pH 7.6), 0 5 M NaCl, 0 001 M EDTA, 0 1% sodium lauryl sarcosinate] and loaded on the column. The flow through was collected as poly (A)~ fraction. After washing the column with column-loading buffer, poly (A) + RNA was eluted with 0.01 M Tns-HCl buffer (pH 7.6) containing 0.001 M EDTA and 0.05% SDS. The RNA was precipitated from the poly (A)~ and poly (A) + fractions with ethanol and dissolved in water.
Cytoplasmic RNA was isolated according to the procedure of Schibler et al. (29) with some modifications. The tissue was homogenized in 5 vol of 0.02 M Tns-HCl buffer (pH 8.5) containing 0.2 M NaCl, 0.02 M MgCl 2 , 0.01 M dithiothreitol (DTT) and 0.02 M vanadyl nbonucleoside complexes The homogenate was centnfuged at 800 g for 5 min, the resulting supernate mixed with equal vol of 3% SDS in 0.04 M EDTA, extracted with a 50.49:1 mixture of phenol, chloroform and isoamylalcohol [equilibrated with 0.01 M sodium acetate buffer (pH 6.0) containing 0.1 M NaCl and 0 001 M EDTA] until no protein was left at the interface, and finally, RNA was ethanol precipitated from the aqueous layer.
RNA from membrane-bound and free polysome fractions was made essentially as described earlier (30) . The homogenate was centnfuged at 320 g for 2 min and the centnfugation continued further for 15 min at 70 000 g. The supernatant containing the free polysomes was saved. The membrane-bound polysomes present in the pellet were solubilized in homogenization buffer with 2% Triton X-100. RNA was isolated from free and membrane-bound polysome fractions as described for the isolation of cytoplasmic RNA Plasmids and the preparation of end-labeled cDNA probes Plasmids pmalb2 and pBR322AFPI containing mouse albumin and ct-fetoprotein (AFP) cDNA inserts, respectively (31, 32) were kind gifts of Dr Shirley Tilghman. The whole inserts were end-labeled and used as probes for S1 protection experiments. For 5' end-labeling of albumin or AFP cDNA probe, the HindlU digest of the corresponding plasmid was dephosphorylated by calf intestine alkaline phosphatase and treated with T4 polynucleotide kinase in the presence of [y- 32 P]ATP after which the labeled insert was purified by urea-polyacrylamide gel electrophoresis followed by electroelution from the gel by the procedure of Saha et al. (33) 3' end-labeling of albumin cDNA probe or pBR322///(/ifl markers was done by subjecting the corresponding digest to Klenow reaction in the presence of [a-32 P]dATP. Purification of the 3' end-labeled albumin cDN A insert from the vector after Klenow reaction, was done as described above for 5' end-labeled probes.
SI nuclease protection analysis
SI nuclease analysis of RNA samples was performed essentially as descnbed by Sambrook et al. (28) RNA (5 (ig) and end-labeled cDNA probe were taken in 20 (ll of hybndization buffer, denatured at 85°C and then allowed to hybndize overnight at 50°C At the end of hybridization, each sample was digested with 60 U of S1 nuclease in 300 \i\ S1 nuclease digestion buffer at 37°C for 1 h The reaction was then stopped and the nucleic acids were precipitated and dissolved in 1 1 mixture of 0.1 N NaOH and formamide dye mix (95% formamide, 0.01 M EDTA, 0.025% bromophenol blue and 0 025% xylene cyanol). Samples were electrophoresed in a 0.4 mm thick, 40 cm long 5% polyacrylamide gel containing 8 M urea in I x TBE buffer. All the electrophoretic runs were performed till xylene cyanol reached the bottom (37 cm) of the gel unless otherwise indicated. At the end of the run, gel was fixed, dried and exposed to X-ray film. All the SI analyses were earned out in DNA excess condition (as determined in pilot expenments) The determination of sizes of the protected DNA fragments was done graphically with reference to the electrophoretic mobilities of the pBR322///(nfl size markers.
RESULTS
Specific in vivo generated degradation intermediates of eukaryotic mRNA have been studied only in a small number of cases (16) (17) (18) (19) (20) (21) (22) , although several mRNA turnover studies have been reported. Such degradation intermediates which may be generated by rate-limiting initial degradatory step(s) of the mRNA turnover process, are often present in very small proportions and hence, can be detected only by sensitive procedures like SI nuclease protection assay Figure 1 a shows the S1 nuclease protection analysis of adult (lane 2) and fetal (lane 3) mouse liver total RNA samples using 5' end-labeled albumin cDNA probe. As expected, a major full length protected DNA species 'A' was observed with both the samples With fetal liver RNA sample, at least three additional smaller protected DNA species (B, C and D in lane 3) were detected. They were prominent, consistently observed only with fetal liver RNA and not detected in adult liver RNA. No fragmentation of albumin mRNA could be detected even when adult liver total RNA was isolated in the presence of large amounts of exogenously added bovine pancreatic RNase A (Fig  1 b) . (The amount of RNase A activity used here was more than 100-fold higher than the level of endogenous, pancreatic type RNase activity present in mouse liver.) Similarly, inclusion of RNase A during isolation of fetal liver RNA did not affect its S1 analysis pattern nor was any change observed in the status of 32 P-labeled RNA transcribed, in vam, from albumin cDNA probe sequence when it was included while isolating fetal liver total RNA (not shown). These results render the possibility of degradation of RNA dunng the isolation procedure very unlikely. Further, other controls (lanes 7 and 8) showed that species B, C and D were not a result of artefactual hybndization and/or degradation of the probe DNA during S1 analysis. Species B, C and D thus seem to represent specific cleavages of albumin mRNA generated in vivo. These species were also delected when cytoplasmic RNA (prepared by a procedure different from that for total RNA preparation) from fetal liver was used for the expenment (lane 4) further supporting the specificity of the cleavages detected. The levels of the cleavage products in the cytoplasmic RNA preparation seemed to be higher as compared to that in the total RNA preparation presumably due to continued action of the degradatory process, during subcellular fractionation step. Such differences in the levels of cleavage products in RNA samples prepared by different procedures have been reported earlier (34) . Further, B, C and D were found to be enriched when the poly (A)~ fraction of fetal liver total RNA was used for the analysis (lane 5 versus lane 6) as observed for the degradation intermediates of chicken liver apo II mRNA (16, 17) . This may imply that the breakdown products have already lost their poly A tails which is consistent with the current notion that deadenylation precedes decay of eukaryotic mRNAs (2). Alternatively, it is possible that there is cleavage at least at one other site located between the region spanned by the probe and the poly A tail.
To determine further whether the prominent intermediates identified above are generated by an endonucleolytic activity or a 5'-3' exonucleolytic activity pausing at specific sites, SI protection analyses were performed using the same probe labeled at the 3' end. The results are shown in Figure 2 . Four prominent 3) and adult (lane 2) mouse liver total RNA samples were subjected to SI nuclease protection analysis as in Figure 1 . but using 3' end-labeled albumin cDNA probe. In lanes 1 and 2, electrophoresis was carried out till xylene cyanol moved twice the gel length (74 cm) to clearly resolve species H from A. pBR322/Wmfl markers are shown in lane 4. The protected DNA species, E-H and A are indicated by arrows. E-H correspond to the degradation intermediates.
protected DNA species (E, F, G and H; lanes 1 and 3) were observed in addition to the full length species, again, specifically with fetal liver RNA (lane 1 versus 2). (In addition to the protected species B to H discussed above, some other signals were also observed. However, they were either weak in comparison with species B to H or not very reproducible. They perhaps represented cleavages at additional, weak sites. We have not studied them here.) The size determination of these and the species B, C and D detected with 5' end-labeled probe (Fig. la) indicated that B, C and D correspond to E, F and G respectively, implying the origin of each pair from a common cleavage site. In the experiment performed with 5' end-labeled probe, we could not detect any protected DNA species which would correspond to species 'H' detected with 3' end-labeled probe. The size of such a protected DNA species was expected to be about 14 nucleotides and it is likely that this short complementarity may not be adequate for efficient hybridization and S1 protection under our experimental conditions. The degradation intermediates detected here, thus appear to be a result of endonucleolytic cleavages. The positions of these endonucleolytic cleavages on the mRNA are diagrammatically shown in Figure 3 .
Increased association of some mRNAs to membrane-bound ribosomes (compared to free ribosomes) has been shown to protect them from degradation (35, 36) . So, for gross assessment of the relative distribution of albumin mRNA in membranebound and free polysome fractions of fetal and adult liver, equal amounts of RNA from the respective polysome fractions were subjected to SI protection assay using 3' end-labeled albumin cDNA probe and radioactivity of the protected probe was taken as a measure of the amount of albumin mRNA present in the RNA sample. However, the results indicated that both in fetal and adult liver, the ratio of the amount of albumin mRNA in membranebound polysome fraction to that in free polysome fraction was about 2.0. Since the degradation intermediates were detected only with fetal liver RNA, and not with adult liver RNA. we studied their levels at different stages of development. For this purpose, liver total RNA samples from mouse fetuses on the 18th and 19th days of gestation and new born animals at various stages after birth were subjected to S1 nuclease protection analysis. Since the level of albumin mRNA increases during this period of development, the extent of protection of the probe also increased as expected. Therefore, for gel electrophoresis. equal amounts of radioactivin was loaded in each lane for the purpose of comparison of the autoradiographic signals obtained with different samples, and the results are shown in Figure 4 . The levels of fragments B. C and D progressively decreased from 18th day of gestation to I Oth day postpartum. By 20 days after birth, the fragments were virtually undetectable and this state prevailed till adult stage (lanes 2-8).
Similar observations were made with fragments E, F. G and H also when the same set of RNA samples were subjected to S1 protection analysis with 3' end-labeled albumin probe (data not shown).
The levels of albumin mRNA degradation intermediates follow a similar course as observed for hepatocyte cell division in developing mouse li\ en 37) and the\ could perhaps be explained it) relation to the change in cell division rate. We therefore carried ' >ut S 1 IHK lease anal) sis nt albumin mRNA from adult reyenerat ing lner at 18 and 30 h after partial hepatectoim but could not detect any degradation intermediates of the kind observed in fetal liver (data not shown) thus rendering the abo\e possibilitv very Figure 4 . The levels of the degradation intermediates of albumin mRNA gradually decrease with liver development. Mouse liver total RNA samples isolated on the day of birth ("B") and on different days I indicated above the lanes) after birth or of gestation were subjected to SI nuclease protection analysis using 5' end-labeled albumin cDNA probe as described in Figure 1 . The protected DNA species. B to D are indicated by arrows. The amount of radioactivity loaded was equal in all lanes, l.ane I received untreated probe.
Higher levels of the degradation intermediates of albumin mRNA in fetal liver could either be due to a process specific for albumin mRNA or a general process occurring in fetal liver to which other mRNAs are also subjected to. AFP is a very close homologue of albumin; AFP mRNA expresses at high levels in fetal liver and decreases sharply after birth (37.38). We therefore studied, by S1 protection analysis, the status of AFP mRNA from 18 day-old fetal liver and livers of 0-8 day-old new born mice (at later stages after birth. AFP mRNA expression is too low for studying its degradation products). As shown in Figure 5 . in addition to the full length protected probe, some prominent smaller protected species corresponding to AFP mRNA degradation products were also observed. However, their levels did not show an> significant change up to 8 days after birth, contrary to the change observed in the levels of albumin mRNA degradation intermediates during the same period of development (Fig. 4) .
DISCUSSION
FourendonucleoKticallv generated degradation intermediates ot albumin mRNA were identified which appear to have originated ;/, i Me and which arc chaiacten/cd h\ then presence at significant levels in fetal mouse lner and virtual absence in the adult tissue We consider them as indicative ot specific degradation of albumin mRNA in the fetal tissue Albumin mRNA in mouse liver has been shown to be present largely in polysome-bound form both in the fetal and adult stages (38) . In the present study, we studied relative distribution of albumin mRNA between free and membrane-bound ribosomes in fetal and adult liver which appeared to be grossly comparable (see Results). The cytosolic neutral RNa.se activity level was also found not to be different in fetal and adult liver (unpublished results). It is, therefore, difficult to offer a simple explanation, in terms of any of the above, for the difference in albumin mRNA degradation in fetal and adult liver. Also, relatively small number of major cleavages observed in a region which extends more than 600 nucleotides is a reflection of strong cleavage specificity.
The levels of these four prominent degradation intermediates were found to progressively decrease with liver development from about the 18th day of gestation and become undetectable by 20 days after birth. Among the other fragments observed in different experiments, a few showed similar change but were significantly weak in intensity whereas the rest did not show any change at all during development (see Results). Also, no detectable change in the levels of any of the degradation products of AFP (a close homologue of albumin) mRNA could be observed during this period of development in which AFT expression is known to be down regulated (37.38) . This again, is indicative of specificity of the changes in degradation intermediates of albumin mRNA.
The formation of degradation intermediates as a result of specific cleavages, and their presence in a developmental stage specific manner may imply regulation of albumin mRNA degradation during development. Coincidentally these changes in the levels of albumin mRNA degradation intermediates parallel with other events related to upregulation of albumin gene expression during development (37, 38) and permit some discussion on their significance. A positive correlation between mRNA turnover rate and the levels of degradation intermediates has been reported in the case of some eukaryotic mRNAs like apo II and histone mRNAs (16, 17, 19) . Degradation intermediates of prokaryotic ompA mRNA have also been shown to behave similarly (39). We could not examine such correlation in our study because turnover rate of albumin mRNA in fetal liver is not known and direct measurement of such turnover rate, in vivo, is also difficult. Nevertheless, extending the analogy from the observations with other mRNAs like apo II and histone mRNAs, it is tempting to interpret our observation with albumin mRNA to suggest that its turnover rate is higher in fetal liver (where specific degradation intermediates could be detected) than in adult liver and decreases during development. Thus, mRNA stabilization may contribute to the developmental up-regulation of albumin expression in mouse liver; earlier work has shown that it occurs primarily at the level of transcription (37) . Even in rat, regulation of albumin gene expression during development at the level of mRNA stability is still an open possibility (although many other posttranscriptional mechanisms have been ruled out; see ref. 40 ). Here again, direct half life measurements are difficult but it will be interesting to look for degradation intermediates, if any, and study their characteristics and variation as done in the present study.
The endonucleolytic cleavages discussed above locate in the middle, coding region of mouse albumin mRNA. A putative nuclease activity involved in the estrogen-induced destabilization of albumin mRNA in Xenopus liver was found to make endonucleolytic cleavage, in vitro, in the 5' half of this mRNA (26) . Even in the case of mouse albumin mRNA, additional cleavages might occur in other regions not included in our study and it is possible that some of them are similar in characteristics to those discussed here. The strong cleavage specificity observed here, cannot be adequately explained by the di-or trinucleotide specificity of mouse liver cytosolic RNase activities reported in the literature (41) . Specific cleavages (in the 3'-UTR or in the coding regions) during regulated and specific degradation of mRNAs like apo II, histone, Xenopus homeobox, IGF-II and groa mRNAs have been reported earlier (16) (17) (18) (19) (20) (21) (22) . The cleavage sites in apo II mRNA (3'-UTR) are characterized by the presence of sequence motifs AAU/UAA or GAUG/CAGU and secondary structure in the region of these sites also appears to be important for these cleavages. In the case of Xenopus homeobox mRNA, the cleavage sites (coding region) include repeats of sequence motif ACCU and the cleavage region is probably single stranded whereas a highly conserved G-rich region with a potential to form higher order structure marks the cleavage site of IGF II mRNA. We therefore analyzed 20 nucleotide long stretches of the primary sequence of albumin mRNA (42) presence of a common sequence motif CCANi_3CUGNo_i UGAU in three of them i.e., those corresponding to species F/C, G/D and H (Fig. 6) . The CSFS corresponding to species B/E was found to include only the CCA segment of the above motif. A computer search of the coding regions of several vertebrate albumin mRNAs revealed the presence of the above motif once each in porcine, equine, human, chicken (CCAN4CUGN3 UGAU) and lamprey (CCANCUGN3UGAU) sequences. Secondary structural predictions by the method of Zuker and Stiegler (43) indicated the presence of both single and double stranded regions but did not reveal any strong similarities in the structures involving these CSFSs; however, these conclusions are tentative since the primary sequence used for the analysis here was only partial (complete albumin mRNA sequence is not known at present). Nevertheless, it is important that this sequence motif (or even the segment CUGNn_i UGAU) was not found to be present anywhere else in the region spanned by our probe. It would be interesting to map these cleavage sites more precisely (work in progress) and also to examine the role of this sequence motif as a cleavage signal. Further characterization of these cleavages would also be useful for identification and characterization of the putative nuclease responsible for albumin mRNA degradation.
The absence of degradation intermediates of albumin mRNA in partially hepatectomised mouse liver is indicative of cell division per se not being the physiological signal for degradation. The signal is more likely to be related to development. One could speculate that the nuclease activity responsible may be expressed in a development-related manner and may be present only in fetal stages. Alternatively, the accessibility of albumin mRNA for degradation may change with development. We are currently examining which of these possibilities may actually hold true
